In this study, the full-field pulse-echo ultrasonic wave propagation imaging (FF-PE-UWPI) technique is proposed for three-dimensional damage evaluation. To realize this objective, a full-field pulse-echo ultrasonic propagation imaging (FF-PE-UPI) system has been developed using Q-switched Nd: YAG laser to generate diverse mode ultrasounds by thermoelastic mechanism at the impinging point of generation laser beam, laser Doppler vibrometry (LDV) sensor for sensing ultrasound and two axis transition stage for raster scan of two laser beams, so that the FF-PE-UPI system allows scanning of both ultrasonic excitation and sensing laser beams simultaneously, this generation and sensing principle is repeated over the scan area. Contrary to the conventional ultrasonic propagation imaging which has imaged in-plane guided wave propagated from a single ultrasonic source or multiple source, the proposed system makes full-field ultrasound as large as the scanned area and visualizes longitudinal wave propagation through the thickness. Thus, the system allows us to evaluate the damage three dimensionally with more accurate sizing and shaping. To verify the effectiveness of the system, an aluminium plate of 4 mm with a 2 mm thickness at the milled area was tested. From the imaging results obtained from the FF-PE-UWPI technique, the damage on the tested specimen was successfully detected, localized and clearly visualized.
Introduction
The use of composites in aircraft manufacturing is growing dramatically. Almost the entire fuselage of the Boeing 787 is made of composite, the Airbus A380 and A350 also incorporate significant composite structures. Regional and business jet manufacturers also increased their use of composite. The same growth is being observed in military aircraft (Marsh [1] ), [2] . Usually, aircraft structures are subjected to impacts and lightning strikes. Impacts on aircraft structures can cause different types of damage to composite structures, the principals are delamination and disbonds. This significantly hurt the integrity of the structures. Therefore, reliable and efficient Non-destructive Testing (NDT) methods are needed to quickly assess possible damage. As a result, NDT methods have been developed to assess bonding quality during maintenance and in-service inspection requirements. The importance of NDT methods for impact problems also showed by other studies [3, 4, [9] [10] [11] .
In addition, owing to aging of infrastructures, it is important to monitor structural health and ensure the system's integrity by identifying the initiation of damage before it reaches critical stage (Cheng et al. [5] ). Nowadays there have been increasing demands for structural health monitoring (SHM) techniques to better safeguard civil, mechanical and aerospace engineering structures (Lee et al. [6] ). The onsite time effective inspection system for residual lifetime assessment of infrastructure needs further improvement. To have precise residual lifetime assessment, optical inspection using laser is one of the most useful options structural health monitoring system (Yamashita [7] ).
The formation of imaging techniques for evaluating this damage provides direct or indirect, immediate and quantitative results. Each individual technique has its own and specific applications, advantages, as well as limitations, due to the nature of imaging algorithm (Cheng et al. [5] ). The laser beam in the pulsed mode can provide many advantages including fast wave generation with low pulse energy, high spatial resolution, inspection ability on complex target and so on (Lee et al. [9] ).
In this study, a non-contact full-field laser pulse-echo ultrasonic propagation imaging (FF-PE-UPI) system is realized for three-dimensional evaluation of artificially introduced damage. Contrary to the conventional ultrasonic propagation imaging (Chia et al. [8] , Lee et al. [9] ) which has imaged in-plane guided wave propagated from a single ultrasonic source or multiple source, the proposed system makes full-field ultrasound as large as the scanned area and visualizes longitudinal wave propagation through the thickness. The through-thethickness ultrasonic wave propagation imaging (UWPI) enabled more accurate damage sizing and shaping and provided three dimensional information on the damage.
The non-destructive non-contact FF-PE-UPI system has examined a large number of composite and metallic specimens for flaw detection, visualization and evaluation of damage size and shape. Due to legal issues, these results cannot be presented in this paper. Though, at this time we demonstrate the overall capabilities of the system using a sample of aluminium plate.
Full-filled pulse-echo ultrasonic propagation imaging system
Conventional methods of non-destructive testing include contact-type transducers which are usually surface mounted or embedded on test structures, because of this, it is tough to apply in harsh environment and in dynamic structures. Ultrasonic immersion testing also a popular conventional non distractive testing technic for investigation of a materials however it is not suitable for inspections where the material absorbs water and contamination or damage would result, due to this there has been increased interest in using air as a coupling medium however much greater attenuation and lower acoustic impedance especially at high frequency leading to difficulties in coupling energy in solid samples (Gan et al. [10] ). The FF-PE-UPI system is different from conventional ultrasonic testing system that generates C-scan result (as shown in fig. 1 ), the system provides a fully non-contact laser excitation and sensing system, enabling inspection on complex target at relatively large stand-off distance, rapid and coupling free damage assessment system. It consists of a Q-switched Nd-YAG laser, laser Doppler vibrometry (LDV), control unit and a vertical and horizontal axis transition stages. 
Working principle
The FF-PE-UPI system scans structure along raster scanning pattern at one side of structure through generation and sensing laser beams. As shown in fig. 1 , once the pulsed laser beams impact the target structure, ultrasonic waves are generated by thermoelastic mechanism at impinging point of ultrasound generation laser beam. From the multiple wave responses, pulse-echo through-the-thickness ultrasound is measured by sensing unit by impinging the ultrasound sensing laser beam at the same point as the generation laser beam. The measured time signals are placed at each laser impinging point and transmitted to the control unit. The controller sends out trigger signals to activate the excitation laser beam and to begin the data collection simultaneously, moreover it generates control signals to aim the excitation and sensing laser beams at the desired target positions, then the sensed signals are stored and processed on the PC. This excitation and sensing principle is repeated over the scan area.
FF-PE-UWPI damage visualization
Once the ultrasonic responses have been collected at multiple points over the interrogated structure, the corresponding ultrasonic wavefield images were constructed by full-field pulse-echo ultrasonic wave propagation imaging algorithm. It is a space-time domain representation of wavefield generated in the scan area (Lee et al. [11] ). Ultrasonic waves generated at each laser impinging point along one horizontal movement are stored on one data spreadsheet according to the data structure, As shown in fig. 2 , the ultrasound signals acquired by FF-PE-UPI system are rearranged to a three-dimensional array X × Y × Z, where X and Y are the number of scanning points in horizontal and vertical directions and Z is the sampling length in the thickness direction. This algorithm simultaneously operated with scanning process, thus the result immediately generated after complete scanning. Slicing of data physically maps the ultrasound magnitude at every laser impinging points of the scanned area. These slices were successively loaded to an intensity graph; as a result, the ultrasound wave propagation video through the scanned area is generated. Every plot of intensity graph also represents one image snapshot from the video (Chia et al. [8] , Lee et al. [11] ). Finally, it visualizes propagation of a full-field ultrasound along to time domain after signal and image processing in real-time.
Experiments
To verify the effectiveness of the proposed non-distractive non-contact full-filled pulse-echo ultrasonic propagation imaging (FF-PE-UPI) system, fullfilled pulse-echo ultrasonic wave propagation imaging (UWPI) damage visualization algorithms was carried out using an aluminum plate of 4 mm with a 2 mm thickness at the milled area which is introduced on the opposite side of the inspected surface. Note that, the artificially introduced wall-thinning represent damage in the structure. Specimens with over all dimensions are shown in fig. 3 . In this experimental study a 1064 nm wavelength Q-switched Nd: YAG diode-pumped solid-state laser was used for the pulsed laser system as excitation unit with a laser beam diameter at the exit port 0.7 mm, 1.5 mrad beam divergence, 2.23 mm laser beam diameter at impinging point, approximately 5.85 mJ pulse energy and 500 Hz pulse repetition rate was set for raster laser scanning. A 633 nm LDV vibrometer single point sensor head with a built-in galvanometer and an auto-focal lens, was used as a sensing unit. The 12-bit digitizer with a sampling frequency of 59.35 MHz and in-line band-pass filter range of 0.65-2.0 MHz with a velocity sensitivity of 50 mm/s/V were set for inspection.
As shown in fig. 1 , the specimens were scanned by the focused laser beams horizontally, step vertically downward then scan horizontally with two-axis translation stage, this scanning principle was continued as large as the scan area of the specimen under interrogation. Therefore, the scanning laser beams generate a grid of laser impingement points with a spatial resolution of 0.52 mm, which was adjusted in the control algorithm of the laser system. Thus as a result of inspection of 4 mm thickness aluminum specimen 1001 × 231, waveforms were measured then stored and processed on the PC.
Results and discussion
By using the developed FF-PE-UPI system, the ultrasonic responses have been collected from all scanned area of the aluminium plate under interrogation, the corresponding ultrasonic wave propagation videos were constructed by full-field pulse-echo ultrasonic wave propagation imaging algorithm. Therefore; the hidden wall-thinning area which is the representative of defects introduced on the opposite side of the scanning surface was clearly visualized, and revealing the location, shape and size of the actual hidden wall-thinning. Figure 4 shows a 4 mm thick aluminium plate with wall-thinning imaging obtained as a result of inspection of full-filled pulse-echo UWPI video freeze frame snapshot at 4.179 µs. The image of the wall-thinning is in quite good agreement with that of the actual damage regions.
Ultrasonic wave propagation imaging
The two dimensions of the damage size (width and height) were quantified by reading the corresponding dimension in mm from the generated FF-PE-UWPI video freeze frame snapshot along the scan width and height direction. After complete scanning (as shown in fig. 2 ), the three-dimensional data were spatial sliced perpendicular to the y-axis (X-Z plane), maps the ultrasonic wave propagation through the thickness (Z-axis) at one particular time point. These slices were successively loaded to an intensity graph; therefore, the ultrasound wave propagation video through-the thickness was generated.
As shown in fig. 5 , propagation of the full-field pulse-echo ultrasound through the thickness (X-Z plane) were clearly visualized at the scan height of 62.92 mm, the hidden wall-thinning cross sectional area reduction from the intact thickness of 4 to 2 mm were clearly visualized and quantified by reading the corresponding dimension in mm from the generated FF-PE-UWPI video freeze frame snapshot along the X (width) and Z (thickness) direction. Thus as a result of inspection artificially introduced damage was successfully evaluated. 
1-D signal analysis (A-scan)
Through the experiments, the typical A-scan signal of tested points for spectral analysis are shown in fig. 6 , which displays the time domain ultrasonic signal with respect to one impinging point of waveforms selected from the experiment in the intact and wall-thinning regions of the specimen. The signal processing was done based on time of arrival (TOA) of the longitudinal wave reflected by the plate back-surface through the-thickness. Thus, the measure of the TOA of the reflected wave allows to calculate the depth where the reflection happened. The result is expressed in the well-known relationship:
where T is the thickness of specimen (mm), is longitudinal velocity of sound waves in the material (mm/µs) and ∆t is the measured round-trip transit time (µs). The speed of longitudinal wave in aluminium (6061-T6) is 6.299 mm/µs Optimum NDT solutions reference chart [12] . Figure 6 (a) shows two waveforms collected in an experiment from 4 mm thick aluminium plate intact and wall-thinning region as shown in fig. 6(b) . The black line is the waveform from the intact region (A). The red line is waveform from the wall-thinning region (B). The two waveforms have equal amplitude between times 0-5.934 µs, which corresponds to the specular reflection from the The calculated result depicts that the depth information of the plates at the intact and wall-thinning locations were efficiently evaluated by the measured round-trip transit time longitudinal laser ultrasonic signals in the time domain as well. Similarly, to examine its validity the average speed of pulse-echo throughthe-thickness ultrasound at the intact and wall-thinning region were calculated and it is approximately, 6.270 mm/µs, which is very well close (99.5 %) to the theoretical speed of pulse-echo through-the-thickness ultrasound.
Conclusion
The full-filled pulse-echo laser ultrasonic propagation imaging system with fully non-contact scanning laser excitation and laser Doppler vibrometer sensing and UWPI image processing technique was proposed for automated damage visualization and analysis. Researchers Dhita et al. [13] pointed out that for the development of a reliable damage evaluation system, both the excitation/sensing technology and the corresponding damage analysis, and interpretation algorithm for quantitative evaluation and easy detection are equally important. The effectiveness of the proposed technique was experimentally verified by visualizing and characterizing aluminium plate with wall-thinning introduced on the opposite side of the scanning surfaces. As a result of inspection the wallthinning was effectively detected, localized and three dimensionally quantified by using full-filled pulse-echo ultrasonic wave propagation imaging damage visualization algorithms. The approach was capable of generating FF-PE-UWPI video then producing three-dimensional detailed images of hidden wall-thinning in aluminium plate. This method generates and senses of ultrasound remotely and requires only one-sided access to the object being inspected, therefore, it could be easily reachable in difficult or tough to reach locations of structural parts. Thus, this approach or technique could be implemented in non-destructive evaluation and structural health monitoring field.
